Abstract. This paper presents the results of an experimental and numerical investigation of the tensile behaviour of glass fibre reinforced epoxy composite for incremental and cyclic creeprecovery load conditions. The proposed constitutive model incorporates linear viscoelasticity coupled with damage and viscoplasticity for prediction of the creep-recovery responses. The material parameters are determined by fitting the experimental results. Scanning electron microscopy (SEM) of composite fracture surfaces is performed to explain the failure mechanisms. A computational algorithm for the integration of the proposed constitutive model at the material point level is derived and implemented into the finite element code ABAQUS. The model predictions are found to be in good agreement with the experimental data.
Introduction
One of the artificial materials for representation of the human cortical bone tissue is short-fiberfilled epoxy produced by SAWBONES [1] . This fourth-generation epoxy is a mixture of a short glass fibers and pressure injected epoxy resin around a foam core. Since the complex mechanical behaviour of such composite must be understood in order to use it in medical research, this study is concerned with an experimental and numerical investigation of its mechanical properties under cyclic creep-recovery conditions. Scanning electron microscopy of the fractured surfaces is performed to explain the tensile failure mechanisms in the material [2] . Based on the experimental data a new constitutive model has been developed to predict the experimental viscoelastic-damageviscoplastic behaviour in creep-recovery tests [3] [4] [5] [6] [7] . The foundation of the model is a linear viscoelastic behaviour of the short-fiber-filled epoxy during tensile creep for stress levels below some threshold value of stress. Beyond this value, it behaves as a viscoelastic-viscoplastic damage material. As presented in authors' previous papers [8] [9] [10] , such behaviour is typical for cortical bone tissue. Within the framework of numerical investigations a computational algorithm for the integration of the proposed constitutive model is derived and implemented into Abaqus UMAT subroutine [11] . The accuracy of the computational procedure is verified by comparing the model predictions with the experimental data. Thereby, the creep-recovery deformation processes in shortfiber-filled epoxy at different loading levels are considered.
Constitutive model
In this study, the constitutive model which enables predictions of the cortical bone behaviour proposed in authors' previous papers [8] [9] [10] is modified to simulate nonlinear time-dependent behaviour of the short-fiber-filled epoxy. The derived constitutive model is based on the assumption that the total creep strain ε(t) can be decomposed into the viscoelastic part coupled with damage 
where A, m and n denote the viscoplastic material parameters, while 
Herein a, b, C and r are the damage material parameters, while w 0 represents the damage variable.
Experimental details and SEM analysis
The tensile cyclic creep and recovery tests are carried out at the room temperature on a Messphysik Beta 50-5 testing machine. The specimens have been cut from the plates with dimensions of 130×180×2 mm using an industrial water jet cutting device. The shape and dimensions of the specimens are shown in Scanning electron microscopy (SEM Tescan Vega) of composite fracture surfaces is performed to explain the tensile failure mechanisms in the material. To conduct SEM observations, samples are coated with a gold-palladium. The SEM images in Fig. 2 (a-c) show the fracture surfaces of the analyzed composite material. It can be seen that fibers are uniformly distributed inside epoxy resin in specimens P4 and K6 (Figs. 2a and 2c) . In specimen N3 (Fig. 2b ) the left down side appears to be rich in unbroken fibers, while on the right side only neat resin is visible.
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Advances in Fracture and Damage Mechanics XII Further, the pull-out of the fibers from neat epoxy matrix is observed in Fig. 2c , whereas the stronger interfacial bondings between fibers and matrix are observed for K6 specimen in Fig. 2a causing a brittle fracture. The presence of the unbroken fibers in P4 composite after fracture indicates its ductility. Since the fibers in the latter specimen are easily pulled-out from the matrix, it implies a lack of the adhesion between the fibers and the matrix.
Material parameters calibration
The material parameters are determined by fitting the experimental results from the cyclic creep and recovery tests as well as from the time to failure creep. The major approximations involved in the analysis were as follows: a) the ratio of the compliance by unloading and initial loading (Eq. 2) and b) the time to failure (t F ) is expressed also as a function of the stress ( ) ( )
From available test results, the material parameters for the proposed constitutive model are determined and listed in Table 1 . The procedure proposed by Dasappa et al. [5] for the determination of material parameters is used in this study. 
Numerical modelling and results
In order to implement the viscoelastic-damage-viscoplastic model into the finite element algorithm, the time-dependent constitutive equations are transformed into an incremental form. The derived integration algorithm and the corresponding tangent stiffness are implemented at the material point level of the one dimensional finite elements in the software ABAQUS/Standard [8] through the user-defined material subroutine UMAT. Detailed description of the proposed numerical formulation is given in authors' previous papers [9] [10] [11] .
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In order to validate the numerical algorithm, the creep and recovery simulation results are compared to the experimental data. Fig. 3b shows a comparison between the experimental data and the model predictions for creep strain over one load cycle at stress level of 60 MPa. 
Conclusion
A one-dimensional constitutive model for the glass fibre reinforced epoxy composite is proposed for the simulation of the viscoelastic-viscoplastic-damage behavior occurring during incremental and cyclic creep-recovery tests. The material parameters are determined by fitting experimental results. Microscopic study with the aid of SEM has been performed on the fractured composite surfaces to explain the failure mechanisms. Furthermore, an efficient computational algorithm for the integration of the proposed constitutive model at the material point level is derived. The results of the proposed constitutive model and the numerical formulation are compared to the real experimental data. Thereby, the creep-recovery deformation processes in the composite material for different loading levels are considered. The numerical predictions are found to be in good accordance with the experimental measurements.
